Rheumatoid arthritis (RA) is a common inflammatory disease characterized by progressive bone and cartilage destruction, resulting in severe functional limitations, shortened lifespan, and increased mortality rates. Recent advances and new treatment approaches have significantly delayed disease progression and improved the quality of life for many patients. Yet few patients attain or can be maintained in disease remission without continuous immunosuppressive therapy. In addition a sizable portion of patients also fails to respond or eventually develops tolerance to current therapies. Thus there is a continued need for the development of new therapeutic strategies for the treatment of RA. Unlike conventional drugs, nanosystems are designed to deliver therapeutic agents specifically to the site of inflammation, therefore avoiding potential systemic and off-target unwanted effects. They allow investigators to consider or reconsider therapeutic agents that were previously deemed too toxic to deliver through a systemic route. This article reviews recent nanotechnology-based strategies that are being developed for the treatment of inflammatory arthritis.
Traditional paradigm for RA has also implicated a variety of cytokines in the pathogenesis of RA. Tumor necrosis factor-alpha (TNF-α), interleukin-1 beta (IL-1β), and IL-6, among others, have been found to be consistently elevated in synovial fluid of patients with RA. (4) Furthermore, TNF-α and IL-1β both induce synovial cells to release tissue degrading matrix metalloproteases and TNF-α stimulates the development of osteoclasts, which are responsible for bone erosions. Animal models provide further evidence of the importance of these cytokines in RA. Mice expressing a dysregulated and modified human TNF transgene developed spontaneous arthritis. (5) Treatment of these arthritic mice with a monoclonal antibody against human TNF-α completely abrogated the development of this disease. Also, administration of neutralizing antibodies to IL-1β ameliorated bone loss and cartilage destruction in a model of collagen-induced arthritis (CIA). (6) In fact, the understanding of cytokine actions in animal models led to clinically effective treatments of RA, as demonstrated by the use of biological agents, such as TNF-α, IL-1β, and IL-6 inhibitors. Yet, despite these advances in medical treatment over recent years, many patients with RA fail to respond to these new biological agents. (7) In addition, studies show that around half of the initial responders to anti-TNF therapy stop treatment in the first year due to loss of efficacy or side effects. (8) Many of these patients will ultimately require joint replacement to improve or maintain their daily activities. Although other biological therapies are beginning to emerge, (9) the complexity of RA, the heterogeneity of the patients, and previous experience with biologics suggest that targeting a single receptor or cytokine pathway will not lead to a predictable response in every patient.
Nanotechnology is a multidisciplinary approach that employs a diverse array of tools and techniques aimed at the diagnosis of disease and the delivery of therapeutic agents with the use of submicrometer size carriers, nanocarriers. Unlike conventional drugs, these nanocarriers allow targeted delivery of therapeutic agents specifically to the desired site of inflammation and can potentially be adjusted individually according to alterations in disease expression. In addition to their therapeutic actions, these nanocarriers potentially permit non-invasive and quantitative image-based readouts of drug effects, which may one day allow the practitioners to monitor and optimize therapies based on individual responses. This review focuses on the emerging nanotechnology that is being developed for the treatment of RA.
Current therapeutic strategies for RA
Advances in the understanding of RA pathogenesis have led to revisions in the standard treatment recommended for RA over the past decade. Although non-steroidal antiinflammatory drugs (NSAIDs) are still widely used to lessen pain, they are no longer considered first-line treatment because of their limited effectiveness, inability to modify disease course in the long-term, and adverse effects. (10) Current strategies and recommendations for RA are modeled after other disciplines, oncology in particular, and centered on early, intensive treatment with disease-modifying anti-rheumatic drug (DMARD) monotherapy or, more increasingly, combination therapy together with analgesics such as NSAIDs to suppress disease as soon as possible or to induce remission. (2) The cornerstone of conventional DMARD therapy is methotrexate (MTX), an antimetabolite that inhibits dihydrofolate reductase. MTX is effective in approximately 30% of patients as monotherapy but also serves as an important anchor drug for successful combinations with other conventional DMARDs or biologics. (2) The introduction of biologics has revolutionized the treatment of RA. This class thus far includes cytokine antagonists (TNF, IL-1 and IL-6 inhibitors or receptor antagonists), B cell depleting agents, and T cell costimulation modulator. (2, 11) The efficacy of biologics, especially TNF inhibitors in combination with MTX, is well documented, with the probability of 60-70% of patients achieving positive response when therapy is initiated early in the course of the disease. (12) Yet despite these impressive statistics, there are several drawbacks to current biologic therapy, including high costs, the occurrence of infectious complications, and the loss or failure to maintain response overtime. Glucocorticoids (GCs) represent an affordable class of anti-inflammatory agents that are widely used in active RA as co-therapy with other DMARDs. Unlike conventional DMARDs and biologics, GCs have rapid effects and are also frequently used as "bridging therapy" at the initiation of RA treatment. More recent studies show that systemic GCs as co-therapy has disease-modifying effects in patients with RA during the first two years of treatment. (13) In addition, intra-articular GC therapy in combination with MTX has been shown to prevent progression of joint damage. (14) However long-term use of GCs is associated with a number of unwanted side effects, including increased risks of cardiovascular diseases, osteoporosis, infections, and impaired glucose metabolism, just to name a few. (13) In summary, despite increasing therapeutic options (Table 1) , RA remains a challenging disease as current recommended regimens rarely lead to a cure (remission) and are often associated with development of drug resistance and adverse events. Moreover, the optimal and effective therapeutic approach to an individual cannot be predicted at this point due to the heterogeneity of the patients, thus necessitating "trials and errors" that increase costs and delay clinical response.
Nanotherapeutic approaches to RA treatment
Adverse effects due to the nonselective activity of the drugs often limit dose escalation in current RA therapy. By encapsulating bioactive agents into a nanocarrier, selective drug delivery to the desired sites of action (i.e. the joints) may be achieved through a process known as targeted approach that avoids high or frequent dosing to attain effective drug concentration locally. Although intra-articular injection offers the most direct targeted therapy, this treatment option is invasive (requiring repeated joint needling and increasing the risk of infection) and often short-lived. The development of a targeted nanocarrier system for sustained drug delivery in RA is thus highly desirable. In addition, nanocarrier systems may increase the solubility of certain drugs and protect them against degradation in the circulation, further increasing their local bioavailability. Therefore, the use of nanocarriers promises to increase drug specificity and bioavailability while reducing unwanted off-target side effects.
A survey of the literature suggests that the use of targeted nanocarriers to deliver therapeutic agents (nanotherapeutics) in the treatment of inflammatory arthritis remains largely unexplored. Targeting of macrophages using a nanocarrier system was an approach that was investigated early on as it was known that the presence of macrophages is increased in inflamed joints and nanoparticles can be efficiently phagocytosed by macrophages even without surface modifications. This approach is known as passive targeting. One of the first studies used low-dose clodronate, a bisphophonate that induces phagocytic cell apoptosis, (15) encapsulated within liposomes (unilamellar or multilamellar lipid vesicles of 100 nm mean size) to modulate macrophage-mediated production of pro-inflammatory cytokines. (16) Weekly intra-articular injections of low dose liposomal clodronate in rabbits led to temporary reduction and delay in joint swelling but the effect was not sustained after the first week. (17) As higher dose of liposomal clodronate had pro-inflammatory effects and induced synovitis, (18) it is unlikely that this approach will find practical use in the actual treatment of arthritis. Targeting of macrophages through parenteral (systemic) administration of nanocarrier systems has also been actively pursued. These approaches take advantage of the fact that macrophages are central players in RA (by producing proinflammatory cytokines) and nanocarriers can be taken up by macrophages into arthritic joints through inflamed leaky capillaries, an effect known as enhanced permeability and retention (EPR). However, systemically administered nanocarriers can also be cleared quickly by macrophages residing in the reticulo-endothelial system (RES), thereby decreasing the availability of drugs reaching the inflamed joints. Thus, surface modifications of nanocarriers to retard RES interaction and selective (active) targeting of other organ systems or immune cells and pathways are constantly being explored. In the following sections, examples of more recent nanotechnology-based approaches to RA treatment will be reviewed.
New delivery systems for NSAIDs
NSAIDs are widely used in RA mainly for their analgesic effects. NSAIDs work through the inhibition of cyclooxygenase (COX) enzymes that play an important physiological and pathological role in many pathways, including inflammation, pain, bone and cartilage erosion, and angiogenesis. (19) However, their disease modifying potentials in long-term use are often overlooked due to variable differences in efficacy and side effects at high doses, especially in the more susceptible pediatric and elderly populations. Although the discovery of selective cyclooxygenase-2 (COX-2) inhibitors initially promised exciting alternatives to the frequently encountered gastrointestinal side effects associated with the more permissive COX-1 inhibition, it was soon discovered that long-term use of COX-2 inhibitors led to serious increase in cardiovascular risks, including myocardial infarction and stroke, (20) which resulted in the suspension and eventual withdrawal of several COX-2 inhibitors from the market. (21) Recent data suggest that aside from their analgesic and anti-inflammatory effects, NSAIDs also possess immunomodulatory and anti-angiogenic properties that have recently been explored for cancer therapy. (22) Coupled with recent advances in drug delivery technology these studies have prompted researchers to reconsider the usefulness of NSAIDs in the treatment of arthritis. The current approaches aim at decreasing NSAID-related adverse effects through site-specific delivery and controlled release. For lipophilic drugs such as NSAIDs, several groups of investigators found that lipid microspheres (LM), lipid-based preparations with an internal oil phase surrounded by a phospholipid monolayer, offer better loading capacity compared with conventional liposomes. Early studies with LM preparations encapsulating the NSAID indomethacin indicated that encapsulation improved the antiinflammatory activity of NSAID while lowering the gastrointestinal side effects. (23) However, LM are rapidly cleared by the RES. The incorporation of polyethylene glycol (PEG) to LM delayed their uptake by the RES system by three-fold, prolonging their circulation time and increasing the bioavailability of the encapsulated NSAID. (24, 25) Systemic administration of PEG-LM encapsulating the NSAID indomethacin led to significantly higher accumulation of the drug in paws of arthritic rats, 7.5-fold higher compared with conventional LM. (25) The accumulation of drug is likely due to extravasation of LM through the EPR effect and/or uptake by circulating monocytes with subsequent delivery to the arthritic joints. (25) Limitations of lipid-based preparations, however, include variable encapsulation efficiency and poor control of drug release. (26) Nanoencapsulation of NSAIDs can also be achieved using biodegradable polymers. Bernardi et al. described polymeric nanocapsules prepared with polysorbate 80, a hydrophilic coating that delays the binding of plasma proteins, thus prolonging the circulation time of these nanocapsules. When loaded with indomethacin these nanocapsules exhibited potent anti-inflammatory effects in an adjuvant-induced model of chronic arthritis, as evidenced by markedly depressed serum levels of pro-inflammatory cytokines TNF-α and IL-6 and enhanced levels of the anti-inflammatory cytokine IL-10. (27) In this model, it is thought that indomethacin-nanocapsules accumulate at sites of inflammation mainly through the EPR effect. Dendrimers are another emerging class of biocompatible nanoparticles that promise to be effective vectors for the delivery of NSAIDs due to their versatile surface functionalities. The branching structure of dendrimers can either entrap small drug molecules or their many end functional groups can be covalently attached to NSAIDs, thus increasing the solubility of these hydrophobic drugs. Poly(amidoamine) (PAMAM) dendrimers were shown to significantly increase the solubility of the NSAID flurbiprofen and prolong the inhibition of carrageenan-induced paw edema after intravenous administration to Sprague-Dawley rats. (28) In a separate study, Chandrasekar et al. exploited the overexpression of folate receptor on activated macrophages in RA as a targeting strategy. They conjugated folate to PEG-PAMAM dendrimers and loaded them with indomethacin. They showed that folate-PEG-PAMAM dendrimers have 10-20 fold increases in drug loading efficiency and circulatory half-life. Loaded drug displayed an initial rapid release followed by a slower more sustained release, leading to enhanced and more controlled delivery of indomethacin to the joints while lowering uptake by the gastrointestinal tract. (29) Thus dendrimers promise better targeting efficiency of NSAIDs with potentially reduced side effects. Targeted drug delivery can also be achieved through an external stimulus (i.e. ultrasound, light, magnetic field, etc.). For example, Arias et al. developed an iron/ethylcellulose (core/shell) nanoparticle that when loaded with the NSAID diclofenac resulted in a nanoplatform with high drug loading capacity and more prolonged drug release. (30) The iron core also offers another potential level of targeting by enhancing the local delivery of diclofenac to inflamed joints under the guidance of an external magnetic field. Taken together, these recent findings suggest that new nanosystems may represent a relevant alternative approach for the targeted delivery of NSAIDs in the treatment of RA that promises to decrease off-target undesirable effects. Whether higher local levels of NSAIDs will have the same immunodulatory effects seen in animal models of experimental arthritis remain to be determined.
New delivery systems for glucocorticoids (GCs)
Although the efficacy of GCs as a fast-acting anti-inflammatory agent has been confirmed, their prolonged use is still discouraged due to well-known potential side effects. (13) As GCs are rapidly cleared following systemic administration, high and frequent dosing are often needed to achieve the desired anti-inflammatory effects locally, thus further increasing the risk of adverse effects. To improve risk:benefit ratios, new preparations of GCs aimed at targeted delivery, with sustained release of active drug at the inflamed sites, while minimizing dose frequency and systemic exposure are being sought. Several reports of PEGliposomes containing different GC preparations so far look promising in rodent models of experimental arthritis. By encapsulating the GC prednisolone into small PEG-liposomes (~100 nm in size) Metselaar et al. showed that these nanocarriers remained in the circulation with a half-life of 50 hrs and a single systemic administration of this preparation led to complete reversal of paw inflammation within 2 days of injection, with the effect lasting for 2 weeks. (31) The small PEG-liposomes can selectively extravasate into inflamed joints while larger liposomes (~450-500 nm in size) and non-PEG liposomes localized mainly to the RES. In addition, the investigators observed therapeutic activity with these liposomes at GC doses 100-fold lower than that of unencapsulated GC. The same group also explored different GC formulations that have pharmacokinetic behaviour more comparable to human pharmacokinetics; however, sustained free GC levels, presumably due to unstable incorporation of the drug, continued to hinder the development of liposomal GC. (32) More recently, polymer conjugates of GCs have gained interest for therapeutics GC applications. Contrary to liposomes, drugs are bound to polymer conjugates instead of being trapped in the cavity of the particles and are thus released more slowly and hence necessitating less frequent administration. Ishihara et al. developed biocompatible and biodegradable blended nanoparticles of poly(D,L-lactic/glycolic) (PLGA)/poly(D,L-lactic acid) (PLA) homopolymers and PEG-PLGA/PLA block copolymers encapsulating betamethasone to examine the therapeutic activity of GCs in adjuvant arthritis in rats and antibody-induced arthritis in mice. (33, 34) The polymeric nanoparticles accumulated at the target sites (paws) through EPR effect and were phagocytosed by resident inflammatory macrophages after the loss of PEG, allowing gradual release of GCs over a period of 14 days. The investigators observed no changes in body weight or serum glucose levels, evidence of decreased systemic side effects. In addition, self-assembled, linear cyclodextrin polymer (CDP)-based nanoparticles conjugated to methylprednisolone (MP) have been shown to be effective in reducing the symptoms of collagen-induced arthritis in mice at doses up to 100-fold lower using weekly injections. (35) MP was conjugated to CDP through an ester linker that can undergo pH-dependent or enzyme-induced cleavage in the RA synovium, thus providing another mechanism for site-specific release GC. However, regardless of the preparations (liposomes versus polymers) a significant amount of GCs still accumulates in the RES following systemic administration, likely through macrophage uptake, prompting some investigators to examine local delivery strategies. Although intra-articular GCs represent a useful adjunct for local control of arthritis, especially when used in combination with systemic therapy with DMARDs or biologics, rapid clearance and systemic absorption of intra-articular GCs are well documented and represent major drawbacks for this approach. (36) To address these shortcomings, Butoescu et al. investigated superparamagnetic iron oxide microparticles as potential GC carriers for intra-articular delivery. (37, 38) These microparticles (1-10 µm in size) were efficiently internalized by synovial fibroblasts, did not induce any local inflammatory reaction, and could theoretically be maintained in the joint for longer periods of time with the help of an external magnet. In summary, liposomal and polymeric preparations may improve the safety profile of GCs by decreasing dosing and frequency of administration. However, the fact that disease usually recrudesces upon therapy withdrawal suggests that GCs by themselves have limited long-term immunomodulatory effects.
Nanotechnology-based gene therapy in the treatment of RA
Synovial cytokines play a key role in RA pathophysiology and their destructive effects on bones and articular cartilage provide the rationale for current RA treatment strategies, namely monoclonal antibodies against TNF-α, IL-1β, and IL-6. Despite their success, several limitations persist for the use of these biologics. Systemic immunosuppression due to repeated injections of biologics increases the risks of serious opportunistic infections and certain malignancies. (39) Moreover, a significant segment of the patient population does not respond to biologics, even in combination with DMARDs, or stop responding to therapy along the way. Gene therapy, the delivery of nucleic acids into the cell to silence, repress or override the aberrant expression of a protein, represents a promising therapeutic approach for many human disorders. In RA, gene therapy promises local and joint-specific targeted approach to either silence the expression of pro-inflammatory cytokines (TNF-α, IL-1β, and IL-6) or overexpress anti-inflammatory cytokines (IL-1ra, IL-4, IL-10, IFN-β) in the hope that long-term expression of these anti-arthritic agents will lead to sustained antiinflammatory effects while avoiding systemic adverse reactions. The use of viral vectors, including retroviral (RV), adenoviral (AdV), and adeno-associated virus (AAV) vectors for gene therapy in RA has been explored both in animal models and a few clinical trials. These studies have been extensively reviewed elsewhere. (40) Although the strategy usually entails local injections (direct intra-articular or intramuscular), systemic humoral immune responses to viral antigens, unwanted ectopic transgene expression (due to spreading of the vector), and oncogenic effects continue to be concerns for the use of viral-based vectors, prompting the search for alternative gene transfer methods. The search for an ideal non-viral, nanotechnology-based vector for gene therapy is part of an ever-growing field. Non-viral, nanotechnology-based vectors for gene therapy present many advantages to viral-based vectors, including low immunogenicity, no risk of infection, and no insertional mutagenesis. Many of these nanothechologic approaches have been extensively reviewed elsewhere. (41) (42) (43) (44) This segment of the review will concentrate on some examples of gene therapy for the treatment of RA. One of the earliest investigations employed the use of in vivo transfection that is based on the method for in vitro electroporation to locally introduce naked double-stranded RNA molecules known as small interfering RNA (siRNA) designed to silence TNF-α that, when combined with electroporation, led to inhibition of paw inflammation in a collagen-induced arthritis (CIA) model. (45) However, this approach may be too cumbersome to translate to the clinical setting. Systemic delivery of siRNA on the other hand requires a carrier system that will protect the siRNA against degradation and rapid clearance. To enhance the stability and potency of siRNA when injected systemically, another group of investigators mixed siRNA with carrier DNA before complexation with cationic liposomes (lipolexes) for in vivo silencing of pro-inflammatory cytokines. Carrier DNA, by presenting positive charge density (zeta potential) on the surface, favors interaction with cells, making lipoplexes ideally suited for more efficient siRNA delivery. Using a mouse CIA model, the investigators showed that siRNA lipoplexes directed against TNF-α or a cocktail of siRNA lipoplexes directed against IL-1, IL-6 and IL-18 simultaneously led to significant reduction in the incidence and severity of arthritis. (46, 47) TNF-α levels in the animals treated with the siRNA/DNA lipoplexes were reduced by 50-70%.
Decrease in TNF-α correlated with decrease in the levels of IL-6 and monocyte chemotactic protein 1(MCP-1), two pro-inflammatory cytokines that are secreted abundantly by monocytes/macrophages and macrophage-like synovial fibroblasts. Likewise, injection of anti-IL-1/IL-6/IL-18 mixed siRNA/DNA lipoplexes led to significant reduction in the incidence and severity of arthritis, with therapeutic indexes surpassing those obtained from animals treated with anti-TNFα siRNA/DNA lipoplexes. As lipoplexes are internalized by macrophages through passive targeting, they can potentially induce an IFN response through stimulation of Toll-like receptors. However, the investigators found no elevation of IFN levels in mice treated with siRNA/DNA lipoplexes. The major drawbacks to the use of lipoplexes include the short-lived duration of silencing (approximately one week), necessitating repeating injections to maintain therapeutic effect, in addition to serum protein-induced aggregation of the polyplexes and rapid clearance by the RES. (48, 49) To circumvent these later problems the investigators sought an intraperitoneal route of injection to deliver siRNA chitosan nanoparticles into a serum-free, macrophage-rich environment. (50) The approach not only silenced approximately 44% of TNF-α expression in peritoneal macrophages but also arrested the progression of arthritis in a CIA model. Although the intraperitoneal route provides a potentially relevant approach to RA therapy in humans, the transient nature of this gene silencing approach (requiring injections every 2-3 days) coupled with the rapid rise in joint inflammation, a so-called "bounce" effect, upon discontinuation of therapy suggests that this delivery system requires considerable optimizations before translation to the clinical phase could be considered. Other examples of gene therapy in animal models of arthritis include the systemic delivery of siRNA lipoplexes that silence cytosolic phospholipase A 2 alpha (cPLA 2 α, a key molecule involved in inflammation and pro-inflammatory cytokine production) (51) and the over-expression of IL-1 receptor antagonist (IL-1ra, a naturally occurring anti-inflammatory molecule) by chitosan DNA nanoparticles. (52) Other potential targets for gene therapy in RA include microRNAs (miRNAs), noncoding RNA molecules that interact with the RNA-induced silencing complex (RISC) and modulate gene expression post-transcriptionally. (53) A recent study by Nagata et al. demonstrates that intra-articular injection of miR-15a leads to synovial cell apoptosis through the down-regulation of Bcl-2, (54) suggesting that in the future targeted over-expression of miRNAs may offer a novel therapeutic approach for RA treatment. In summary, nanotechnology-based non-viral delivery systems for gene therapy looks promising in pre-clinical animal models. However, the challenge will be to overcome the transient character of the silencing effect while controlling potential off-target side effects.
Nanotechnology-based anti-angiogenic approaches
Angiogenesis is the development of new blood vessels from pre-existing vessels. It is one of the earliest histological findings in RA and is found mainly in areas of inflammation. Angiogenic blood vessels supply nutrients for the RA synovium and enable leukocyte recruitment to the site of inflammation. Whether angiogenesis causes or is the result of inflammation remains a highly debated topic. (55) Many key pro-angiogenic molecules are produced in the synovium, including growth factors [i.e. vascular endothelial growth factor (VEGF), transforming growth factor (TGF), fibroblast growth factor (FGF), epidermal growth factor (EGF), platelet derived growth factor (PDGF), etc.], cytokines (TNF-α, IL-1β, IL-6, IL-17, IL-18), chemokines (CXCL8, CXCL12, CCL2, CXC 3 L1), proteases [metalloproteases (MMPs)], adhesion molecules [α v α 3 and α v α 5 integrins, vascular adhesion molecule 1 (VCAM-1), intercellular adhesion molecules (ICAM-1) ]. In addition, there are many endogenous anti-angiogenic factors including angiostatin, endostatin, thrombospondin, IL-4, IL-13, just to name a few. It is generally accepted that in RA, an imbalance between anti-and pro-angiogenic factors leads to the perpetuation of new vessel formation and inflammation. (56) In fact, over-expression of VEGF in the joint increased vascularization and exacerbated inflammation in a mouse CIA model, providing a direct link between angiogenesis and arthritis. (57) Angiogenesis also drives the proliferation and hyperplasia of synovial cells, increasing the local demand of oxygen and inducing a relative state of hypoxia. A hypoxic environment upregulates the expression of hypoxia-inducible factor 1 (HIF-1), a transcription factor that promotes glycolytic metabolism and regulates angiogenesis. (58) Given the direct link between angiogenesis and inflammation, there have been increasing efforts to target synovial angiogenesis in the treatment of RA.
Many of the current RA treatments indirectly affect angiogenesis through the modulation of cytokines and growth factors. For example, combination therapy that includes GCs and MTX modulates the production of VEGF and FGF in cultured cells and serum of RA patients. (59) Moreover, treatment with the anti-TNF biologic infliximab has been shown to reduce the levels of soluble ICAM-1 (slCAM-1), sVCAM-1, and VEGF in RA patients. (60) More recently, nanosystems aimed specifically at the blockade of pro-angiogenic mediators or pathways are beginning to emerge. Nanogold particles have recently been shown to have anti-angiogenic properties. (61) Gold salts (sodium gold thiomalate) were routinely used in the treatment of RA prior to the emergence of biologics although the precise mechanism of action was unknown and long-term accumulation of gold salts often resulted in serious nephrotoxicity. (62) In a proof of concept study intra-articular injection of 13 nm nanogold to rats with CIA significantly decreased the arthritic and radiographic scores when given prophylactically prior to onset of disease. (63) The disease amelioration was accompanied by a reduction in microvessel density as well as levels of TNF-α and IL-1β. Although the exact mechanism by which nanogold inhibits arthritis in vivo is unknown, in vitro studies suggest that nanogold bind to the sulfur/amines present in the heparin-binding domain of VEGF, thereby inhibiting VEGF-induced signaling. As nanogold monotherapy was not effective at halting the progression of established CIA, the findings in this study suggest that nanogold may be useful when combined with other biologics or DMARDs. Camptothecin (CPT) is a topoisomerase I inhibitor that has been shown to inhibit synoviocyte proliferation and angiogenesis in vitro. (64) However, CPT is poorly soluble and its use is limited by severe toxicities. To circumvent these problems, Koo et al. used sterically stabilized micelles (SSM) that increased the solubility and allowed targeted delivery of low dose CPT to arthritic joints in a CIA model. (65) They found that a single injection of CPT-SSM was more efficacious at reducing the severity of CIA when given at doses 3-fold lower than that required when using free CPT. In addition, conjugation of vasoactive intestinal peptide (VIP) to CPT-SSM for active targeting further reduced the therapeutic dose of CPT by 10-fold and effectively mitigated joint inflammation in CIA mice for at least 32 days without detectable systemic toxicities. As VIP receptor is only expressed on the abluminal side of microcirculation (away from circulating SSM), CPT-SSM-VIP can only extravasate at sites of inflammation where there is disruption in the endothelial layer, thus further increasing the selective delivery of CPT. Taken together, these results suggest that CPT-SSM-VIP may be developed into a safe platform for RA treatment.
Although VEGF plays a central role in angiogenesis and inhibition of VEGF is actively being explored for cancer therapy, direct targeting of this pathway from a nanotechnology standpoint has not been fully developed for the treatment of RA. Among the other specific mediators that are being explored for anti-angiogenic therapy, the integrin α v β 3 merits special consideration. Antagonism of α v β 3 integrin has been shown to decrease synovial angiogenesis and clinical disease in animal models. However, a phase II human RA trial using Vitaxin, a humanized antibody directed against α v β 3 , was abandoned in 2004 due to lack of efficacy. (66) As an alternative, our group has explored the use of α v β 3 mainly as a targeting receptor for the delivery of anti-angiogenic drugs to suppress the progression of arthritis. We showed that α v β 3 -targeted perfluorocarbon (PFC) nanoparticles administered systemically homed to the inflamed joints and suppressed inflammatory arthritis when conjugated to the anti-angiogenic drug fumagillin, a mycotoxin produced by Aspergillus fumagatus that inhibits the metalloprotease methionine aminopeptidase-2. (67) Furthermore we showed that a single systemic dose of fumagillin-PFC nanoparticles synergized with the conventional DMARD MTX to provide significant anti-inflammatory effects with a favourable safety profile in a mouse model of arthritis. (68) In summary, nanosystems that directly inhibit angiogenesis for the treatment of inflammatory arthritis have shown promises in several preclinical studies and merit further investigation to fully evaluate efficacy and toxicities in vivo. In addition new anti-angiogenic targets, such as HIF-α, continue to emerge that deserve considerations. Whether anti-angiogenic therapy targeted at a single factor or pathway will result in long-lasting effect or will have to be combined with other therapies to maintain effectiveness remains to be seen.
Induction of tolerance in the treatment of RA
The approaches detailed thus far target specific molecules and pathways in the inflammatory cascade for inhibition and the nanosystems being developed are aimed at capturing the segment of patient population that does not respond to current therapies and to circumvent toxicities. The induction of immune tolerance, not only as a treatment approach but ultimately as strategy to maintain RA patients in remission with minimal immunosuppression, represents a novel and promising next step toward the advancement of RA therapy. (69) Immune tolerance is a process by which the immune system does not mount an inflammatory response to an antigen, either "self" or external. It is generally believed that impairment in immune tolerance leads to autoimmunity. Immune tolerance involves multiple pathways and factors, including dendritic cells, T cells, B cells, co-stimulatory molecules, cytokines, kinases, etc. There is evidence that current biologics might induce immune tolerance in addition to their intended mechanism of action. For example, Abatacept (CTLA4-lg) prevents T cell activation by mimicking the action of naturally occurring CTLA4 expressed on the surface of activated T cells and thereby interrupting the interaction of T cell co-stimulatory signal. (70) This action renders the T cell functionally anergic or tolerant. Based on promising animal studies several trials of immune tolerance induction with oral collagen in RA patients have been conceived and conducted over the years. However, no clear clinical efficacy has emerged from these trials. (69) Hypothesizing that induction of oral tolerance requires extended exposure of the intestinal immune system to the specific antigens Kim and colleagues administered PLGA nanoparticles entrapping collagen type II (CII) or CII peptides to mice and investigated the tolerogenic effect of PLGA-CII nanoparticles on the development of CIA. (71, 72) They found that PLGA-CII nanoparticles significantly suppressed CIA and TNF-α expression in treated animals, suggesting that the slow sustained release of collagen from PLGA may provide a suitable delivery system for oral tolerance induction. However, unlike the CIA model in which the etiologic antigen (CII) is well defined, specific antigen(s) in RA remains elusive. In addition PLGA nanoparticles themselves have immunodulatory properties that could affect host immune response, thus potentially limiting their use. Newer specific targets, such as heat shock proteins (HSPs), (73) are currently being defined and these could eventually be incorporated into an optimized and safe delivery system for immune tolerance induction.
Conclusion
While the development of biologics has revolutionized the treatment of RA, a significant portion of patients remains or becomes refractory to current therapeutic interventions. In addition, few patients attain and remain in remission without continued immunosuppressive therapy. Nanosystems promise specific and localized delivery of drugs while minimizing the quantity of drug used, thus limiting potential off-target unwanted effects (Table 2) . These systems may allow the prolonged use of NSAIDs and GCs in high-risk patient populations such as the young and the elderly. The versatility of the newer nanoplatforms also prompts investigators to reconsider formerly established drugs that were considered too toxic or insoluble for systemic use. Nanotechnology-based gene therapy represents an alternative that may circumvent the oncogenic concerns pertaining to viral-based gene transfer methods. Targeted anti-angiogenic nanotherapy, as single or combination therapy, has been proven effective in animal models and awaits clinical trials. More recently, there is considerable interest in the development of inhibitors for the specific targeting of signaling pathways that drive inflammation [Janus kinase (JAK), spleen tyrosine kinase (Syk), and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) pathways]. (74, 75) The main concern regarding the oral administration of these agents remain generalized suppression of multiple physiologic functions. Nanoparticle-based targeted delivery systems therefore represent an ideal therapeutic approach to evaluate these signaling molecule inhibitors in the future, as they can potentially limit generalized immunosuppression. Lastly, this review focuses on therapeutic approaches for RA; however, the same nanocarrier-based targeting concepts may be adapted to other human disorders that are driven by similar pathways of inflammation. In a genetically susceptible individual an environmental insult leads to a breach of immune tolerance, tipping the balance toward autoimmunity. This is usually heralded by the production of autoantibodies (rheumatoid factor, anti-citrullinated protein antibody) by B cells with the help of T cells. Recruitment of activated T cells to the synovium leads to macrophage activation and the overproduction of inflammatory cytokines, including TNF-α, IL-1 β, and IL-6. Cytokines also stimulate the proliferation of synovial fibroblasts, forming a pannus that is capable of invading cartilage and bone, leading to joint destruction. In addition, production of vascular endothelial growth factor (VEGF) by synovial fibroblasts and other cells stimulate angiogenesis, which perpetuates the inflammation by recruiting more inflammatory leukocytes. Growth of the pannus also induces a state of relative hypoxia that further promotes angiogenesis through the elaboration of hypoxia-inducible factor 1 (HIF-1). Table 2 Characteristics of nanocarriers cited in references 
